ABSTRACT: Yersinia pestis, a bacterial pathogen that causes sylvatic plague, is present in the prairie dogs (Cynomys spp.) of North America. Epizootics of sylvatic plague through transmission in vectors (fleas) commonly completely extirpate colonies of prairie dogs. Wildlife managers employ a wide variety of insecticidal treatments to suppress plague and conserve prairie dog colonies. I compiled and statistically compared the available literature describing methods of plague control and their relative effectiveness in managing plague outbreaks by using meta-analyses. Natural log response ratios were used to calculate insecticide-induced vector mortality and vaccine-conferred survival increases in prairie dogs in 37 publications. Further, subgroupings were used to explore the most effective of the available vector suppression insecticides and plague suppression vaccines. After accounting for the type of treatment used and the method by which it was applied, I observed plague reduction through use of both insecticides and vaccines. Insecticides resulted in a significant reduction of the abundance of vectors by 91.34% compared to non-treated hosts (p<0.0001). Vaccines improved survival of prairie dog hosts by 4.00% (p<0.0001) compared to control populations. The use of insecticides such as deltamethrin and carbaryl is recommended to stop actively spreading epizootics, and dual antigen oral vaccines to initially suppress outbreaks. Journal of Vector Ecology 44 (1): 1-10. 2019.
INTRODUCTION
Sylvatic plague is a virulent infectious zoonotic disease caused by the bacteria Yersinia pestis. Its broad distribution in the North American grasslands is primarily maintained through periodic epizootics that devastate its wild rodent vectors. Plague induces mass mortality in prairie dogs (Cynomys, typically a >95% death rate) by immunocompromising affected individuals and inhibiting organ function (Rayor 1985 , Wuerthner 1997 . Yersinia pestis spreads throughout the prairie dog ecosystem through its primary arthropod vectors, fleas. The pathogen has the capability to proliferate through a phenomenon known as "early phase transmission" (Eisen et al. 2006) , where plagueinfected individuals can spread the bacteria bereft of the side effects exhibited by the alternative method of transmission, "blocking. " In "blocking, " Y. pestis creates a biofilm in flea foreguts that impedes blood uptake and induces increased distribution through additional feeding attempts. As such, spread of the pathogen is enhanced, especially in the naturally densely populated prairie dog colonies. The highly social nature of prairie dog colonies serves to compound these effects by enabling additional flea-vector transfers. Prairie dogs act as ecosystem engineers through their creation of burrow systems, systemic clipping of surrounding vegetation, and improvement in the nutrient quality of their habitat, all characteristics that facilitate high prairie dog densities. Plague-driven decline of prairie dogs has strong negative ramifications for grassland communities. Populations of black-footed ferrets, a predator of healthy prairie dog colonies, have suffered extirpation in the wild due to a lack of prairie dog prey (Matchett et al. 2010) . Since the arrival of plague in North America in the early 1900s, as well as systemic poisoning by farmers to enhance human agriculture, prairie dog numbers (up to 5 billion individuals) and range (98 million acres) have been drastically reduced (Gage and Kosoy 2005) . As of 2006, only 10-20 million individuals remained (Hoogland 2006) . Thus, the ability to mitigate sylvatic plague has emerged as an important conservation need for extant prairie dog populations.
Historically, management of infected prairie dogs has been conducted through control of the flea vectors that carry the bacteria. Insecticidal dust is typically applied in and around prairie dog burrow systems (Gage and Kosoy 2005) . Such an application can either be proactive and preventative or reactive and initiated in response to a suspected or ongoing plague outbreak. Both approaches have drawbacks. Proactive continual application of insecticide can be expensive from both a financial and ecological perspective. Reactive insecticide applications can be initiated too late, especially given that plague epizootics have been noted to completely extirpate prairie dog colonies of up to 1,500 individuals within two weeks (Rayor 1985) . In addition, flea vectors acquire resistances to insecticides over time, rendering subsequent applications ineffective via pesticide treadmills. Finally, only a few studies (Matchett et al. 2010 , Tripp et al. 2017 ) can directly draw a link between plague vector prevalence and host mortality. This lack of direct evidence for causality raises questions about the appropriateness of widespread practices of insecticide applications.
Increased understanding of the microbiology of the Yersinia pestis bacteria and the immune responses of its hosts has led to alternative preventative approaches such as prairie dog vaccination (Cross et al. 2007 , Rosenzweig et al. 2011 . Direct injection of a raccoon-based poxvirus has been used to pre-emptively produce plague-resistant antibodies. However, this method necessitates capture of prairie dog subjects for injections. The U.S. Geological Survey's National Wildlife Health Center has alternatively developed and preferentially administers a multiple-dose vaccine bait suspended in a peanut butter medium to avoid methods that require mass captures of prairie dogs (Osorio et al. 2003 , Mencher et al. 2004 . Ideally, host survival dissuades infected fleas from dispersing from dead prairie dogs to seek new hosts and further spreading the pathogen (Cross et al. 2007 ).
I conducted a meta-analysis, or analysis of analyses, of published studies that reported on efficacy of plague treatment. My goal was to quantitatively ascertain the benefit of insecticide application as well as provide a foundation to inform plague-management strategies. It has long been assumed that vector prevalence has a substantial effect on host survival. As such, it would logically follow that a reduction in those vectors would stifle plague epizootics. With the variety of insecticidal and oral treatments available, meta-analysis should be a useful tool to ascertain the most practical approach to plague control.
MATERIALS AND METHODS

Literature search
The scientific literature was surveyed using the ISI Web of Science™ (Core Collection) database on January 15, 2018. The survey employed a search of the keywords "prairie dog" OR Cynomys, Yersinia pestis OR "plague, " and "insecticide" OR "vaccine. " Studies that (1) reported on either insecticide or vaccine treated groups in comparison to control groups; (2) reported the mean effect and sample size; (3) were conducted on prairie dogs; and (4) presented data concerning sylvatic plague or its vectors were included. For (3), search results that involved ground-dwelling rodents with an ecology similar to prairie dogs (e.g., ground squirrels) were considered applicable. Data were sectioned into groups, because efficacy of treatment is variable based upon the type of insecticide application (Ryckman 1971) . These treatment methods include application of (1) insecticide into burrows, (2) insecticide out of burrows (i.e., bait boxes), and (3) vaccineinfused oral bait.
The survey identified 37 studies, representing 248 independent data points. These studies met the criteria for meta-analysis with respect to sylvatic plague management. Other sourced results (n = 940) were excluded due to nonrelevant data, pseudo-replication of data points, or failure to report all required data. Analyses were split into separate groups that included insecticide (n = 30) and vaccine treatment (n = 7). Only two of these 37 studies (Matchett et al. 2010 , Tripp et al. 2017 ) measured both insecticide and vaccine applications simultaneously.
Mean effect calculations
Only studies that included separate control and treated populations were selected for analyses. For insecticide treatments, data were included when either the difference in mean number of ectoparasites per host or the relative difference (in percentage) of infected hosts were reported.
When whole ectoparasite infestation numbers were not reported, a mean infestation value was created by summing reported subgroups.
For studies of vaccine applications, the difference in proportional survival of control and treated prairie dogs was used as a measure of overall effect per independent time point per study. In some cases, survival rates resulting from differing LD 50 levels (lethal amount of pathogen to kill 50% of a population) of Yersinia pestis challenge were pooled. When necessary, data detailed in figures were extracted using either WebPlotDigitizer v3.10 or ImageJ.
Effect size calculations
I calculated the natural log response ratio for both insecticide and vaccine treatments. The natural log response ratio accounts for the standardized mean differences between the treated and control groups by converting each measured effect into a unitless ratio. This effect size was superior to other options such as Hedges' g because it does not require measurements of variance Hedges 1999, Hedges et al. 1999) , which were lacking in the majority of sourced publications. In cases of a gain in ectoparasite number or no difference between the groups prior to natural logging, 0.05 was added to the numerator and denominator to allow for transformation. When there were multiple insecticide or vaccine applications to either prairie dogs or their fleas, a pooled effect size was calculated from the multiple data points. For insecticides, negative effect sizes indicated the reduction in vector abundance, namely the lessening of fleas on prairie dog hosts after treatment application. An effect size of 0 indicated no difference compared to the control group, while a positive effect size indicated an increase in vector abundance in the treated groups as compared to the control group. For vaccines, a positive effect size indicated an increase in survival rate compared to the control group after treatment application. A value of 0 indicated no difference while a negative effect size meant decreased survival rate.
Where measures of variance were provided, the sample variance was calculated based on sample size using the method of Koricheva et al. (2013) . To average variance among individual studies with multiple data points, I used moderator values that had the assumption of correlation between time points. Moderator values of treatment (e.g., insecticides divided into classes based on type), method, application, flea collection technique, setting, and host species were used as variables. It should be noted that the lack of reported details in some of the surveyed studies makes accounting for different treatment concentrations, duration, settings, and analysis techniques rather demanding. To alleviate this issue, meta-regressions were carried out on subgroups to allow for identification of sources of heterogeneity that are inevitably present in random-effect meta-analyses (Viechtbauer 2010) .
Statistical analyses
I performed analyses using both Open MEE (Wallace et al. 2017 ) and R (version 3.2.4, R Core Team 2018). Specifically, I used a 95% confidence interval with REML (restricted maximum likelihood) to appropriately estimate heterogeneity, as DerSimonian and Laird fitting methods tend to underestimate τ 2 (tau) (Veroniki et al. 2016) . Two separate meta-analyses were used, one for the effect of insecticides on reduction of fleas and the other for the effect of vaccines on prairie dog survival. Insecticides were classified in groups to reduce heterogeneity, thereby better assessing the effect of insecticide application on flea abundance. Random effects meta-analysis assigned individual publications a random ID to take within-study variation into account. I 2 values, which describe the dispersion of effect sizes in a meta-analysis, were also derived. I additionally investigated the effect of publication bias in my datasets using funnel plots of effect sizes vs their standard errors. These variables together serve as a measure of study precision (Koricheva et al. 2013) . , exhibited similar levels of vector reduction. In addition to subgroup analysis, leave-one-out procedures were performed on all the studies. No outcome alone was statistically driving the overall results. A funnel plot was generated using the pooled mean effect size and mean variance per study, a figure that is used to detect systemic bias in which smaller, less precise studies give different results than larger studies. Evidence of bias was moderate, as determined by visual analysis (Figure 2) . A fail-safe N value of 18,388 (p ≤ 0.0001) was estimated, that being the number of additional negative studies required to make the result of the meta-analysis statistically insignificant.
RESULTS
Effect of insecticides on flea mortality
Effect of vaccines on prairie dog survival
To evaluate the effects of vaccines on prairie dog survival, seven pooled effect sizes were calculated from 13 individual data points. Vaccine applications resulted in increased survival of hosts by 4.0% (p ≤ 0.001, [C.I. 2.4%, 6.7%], Figure  3 ) compared to control populations. However, a substantial A leave-one-out analysis of the vaccine dataset revealed that no single study overly influenced the outcome. A systemic bias of smaller, less precise studies having larger effect sizes was observed through a funnel plot (Figure 4) . The vaccine dataset has a fail-safe N value of 660 studies needed to render the results insignificant (p ≤ 0.0001). It should be noted that this result should be interpreted with caution as less than ten studies (n=7) are included in the analysis (Higgins and Greene 2011) .
DISCUSSION
Population-level effects of disease management are difficult to ascertain in wild populations because of the inability to account for variables such as emigration and predation. Such aspects that add to the variability of results of studies in the wild make the translation of laboratory tests to widespread natural application troublesome. Nonetheless, a survey of the literature on plague management via metaanalysis should offer insight on the relative efficacy of methods of disease suppression. Insecticidal (reduction in mean number of fleas infesting prairie dogs by 91.34%) and vaccine application (increase in prairie dog survival by 4.00%) conferred protection against plague vectors and the bacterium itself when compared to control populations. The survival results indicate improvement when compared to the natural 0-5% survival rate of plague-infected prairie dogs with no treatment (Rayor 1985 , Pauli et al. 2006 . Application of organochloride insecticides inside of burrows afforded the greatest reduction in mean number of plague vectors. In contrast, oral bait plague vaccines showed lesser effects on prairie dog survival. Both treatment avenues had positive effects but neither resulted in absolute protection from plague.
Prior studies (Hoogland et al. 2004 , Seery et al. 2003 ) have indicated high efficacy of insecticide treatments in reducing vector prevalence. This reduction has been postulated to be indirectly associated with stopping plague epizootics. Studies that test vaccines show similar protective effects (Rocke et al. 2014). I quantitatively compared literature on insecticide and vaccination approaches to statistically support this assumption. The multitude of plausible insecticidal treatment options are well suited to the analysis inherent in metaanalytic procedures to determine the most efficient course of action. However, the two distinct approaches of insecticide and vaccine cannot be directly compared as they only occur together in a few publications.
Of the 16 insecticides tested in these studies, a few displayed especially large effects in reduction of flea prevalence. However, many of those have been banned from use due to their negative side-effects on the ecosystem (Mrema et al. 2013 , Karhu and Anderson 2000 , Borchert et al. 2012 . One of particular notoriety is DDT, used commonly until the 1970s. Similar insecticides, including dieldrin and diazinon, have been banned from use for similar reasons, despite showing high efficacy in reducing flea numbers. Other insecticides display problems that primarily manifest either in effective duration or distribution. For instance, malathion only has a half-life of 17 days in soil. This necessitates constant reapplication to maintain flea suppression (Bossard et al. 1998 ). As such, modern plague management has largely shifted over to the use of synthetic pyrethroids, especially deltamethrin, with their high efficacy for plague suppression and muted, but still problematic, effects on the environment. Long-term management should note that the large effects observed in this analysis are bound to shift over time and change due to factors such as vector resistance (Boyer et al. 2014) .
Meta-analysis indicated insecticidal dusting as the most effective distribution method for large colonies. This result supports Maupin et al. (1991) , demonstrating differential duration among types of insecticidal dust application methods, including in-burrow, above-ground, and aerial dusting. Of those, in-burrow dusting extended insecticidal longevity and provided the greatest reduction in vector abundance. The high sociality of prairie dogs, especially black-tailed prairie dogs, increases their density within active prairie dog colonies and promotes the efficacy of targeted insecticide administration in a manner not observed with less social species (Hoogland 1995 , Hoogland 2006 . Nesting materials proved effective for the same density-based reasons but suffered from their own shortcomings. These include the need for the material to be brought into the burrow system for maximum aerosolized effect as well as the need to account for the behavioral tendencies of the rodent hosts (Beard et al. 1992) . Wild populations will not necessarily accept nesting material, and even if they do, may switch to new burrow locations (Butler and Roper 1996, Roper et al. 2002) . Dusting is a more long-lasting option that avoids distribution issues arising from prairie dog behavior.
Given the current widespread application of synthetic pyrethroids, concerns about vectors acquiring resistance to insecticides are valid. Miarinjara et al. (2016) recently measured the susceptibility status of plague vectors to insecticides in a controlled laboratory trial. They found heightened levels of resistance in successive generations, demonstrating what is known as the "pesticide treadmill, " or vector adaptability to insecticide treatment. Thus, the factor of rising resistance should be considered when planning plague control efforts. They prudently recommended a cycling of insecticides to reduce the likelihood of resistance reducing efficacy of treatment.
Taking factors of duration of treatment into account, environmental effects on other species, ease of distribution, and efficacy of product, only a few insecticides can be identified as practical to apply. These include carbaryl, deltamethrin, permethrin and fipronil (Table 1 ). Other insecticide options that have displayed strong pulicidal efficacy such as diazinon or phoxim are organochlorides or organophosphates with similar chemical structures to DDT and dieldrin, making their selection dubious.
Vaccination by oral bait (4.00% improvement in survival rate) showed less promising results. Based on the assertions by National Wildlife Health Center division of the United States Geological Survey, it is reasonable to believe that oral vaccines will improve in effectiveness as their components are further refined. However, contrary to this assumption, the most recent oral vaccine formulation containing not only the traditional F1 antigen but also the truncated V antigen (2.85% improvement in survival rate; (Rocke et al. 2015) , appeared to result in a reduced efficacy. This might be attributed to differences in the particular baits that were applied and to a laboratory (4.45%) vs wild (3.35%) setting. Studies undertaken in laboratories often fail to simulate natural conditions such as resource limitations, predation, and population movement that may influence results. A similar situation is seen in the insecticide dataset (laboratory -93.9% reduction in vectors; wild -91.1% reduction).
Oral baits are easily disseminated, just requiring placement of the bait around the colony ). Additionally, they show minimal or no deleterious effects to conspecifics who may consume the bait. However, oral baits are more effective with two or more separate applications to confer resistance, a method that isn't necessarily practical in wild populations. Given time, concerted effort on improvement of this medium may provide the most affordable and least invasive method of plague management.
Unfortunately, increases in a host survival rate cannot directly be attributable to a reduction in sylvatic plague vectors. This is because only a few publications (Matchett et al. 2010 , Tripp et al. 2017 included in this meta-analysis explicitly observed a positive association between vector regulation and host survival. This result provides the primary impetus for applying insecticide in areas where plague is a problem (Borchert et al. 2009 ). Given the substantial effects of proper insecticidal application in reducing vector prevalence, a vector management approach would seem to be the most efficacious. However, it should be mentioned that even with radical reductions in parasite prevalence observed, insecticide measures alone may not be enough to prevent a large dieoff of hosts due to the surviving plague vectors. Informed management necessitates evaluation of efficacy in more than just a few studies.
As displayed in the funnel plots (Figures 2 and 4) , evidence of bias indicates heterogeneity of study results. Specifically, this means that on average, smaller studies were affording stronger effect sizes (efficacy of treatment). Thus, not only more studies, but studies with larger sample sizes on the relative efficacy of insecticides and vaccines are necessary to advance the technology of plague management. With vaccines still under development, they understandably have less current effectiveness in plague management relative to insecticides but display easier and longer-lasting application of plague resistance. Even small increases in host survival may enable a plague-affected population to re-establish itself. Insecticide application needs to be carefully considered before implementation to avoid building resistance in vectors. Specifically, it would be prudent to cycle classes of insecticides while paying particular attention to their halflife and interactions to limit over-exposure. The use of oral bait vaccines to accumulate resistance in populations before epizootics occur and the application of insecticidal dust during susceptible periods and emergent plague outbreaks are recommended.
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